We have characterized a Borrelia burgdorferi clone (CA-il 2A) that does not synthesize the major outer surface proteins, OspA and OspB. While the osp operon is intact and capable of expression, no mRNA transcript is detectable in this clone. These results suggest that osp operon expression in the B. burgdorferi clone can be regulated at the level of transcription.
The spirochete Borrelia burgdorferi, the causative agent of Lyme disease, can inhabit mammalian hosts as well as its tick vectors. To survive in nature, B. burgdorferi must be able to meet the environmental challenges presented by a variety of hosts. One potentially important interface between the spirochete and its surroundings is its outer membrane. In the prototype North American B. burgdorferi strain B31, the major outer surface proteins (Osps), OspA and OspB, have molecular masses of 31 and 34 kDa, respectively (19) . The ospA and ospB genes, which reside on a linear 49-kb plasmid in the B31 strain (3), have been cloned and sequenced and are arranged as an operon that produces a single mRNA transcript (7, 18) . The functions of the Osps remain undefined.
The Osps in several B. burgdorferi isolates from North America and Europe display variations in both their sizes and their levels of expression (4, 5, 9, 20, 27, 33) . Polymorphisms in the Osps have been attributed to sequence differences in the osp operon or to changes in Osp synthesis or stability (9, 12, 14, 20, 27 ). Bissett and Hill described a B.
burgdorferi clone of an isolate from a California Ixodes pacificus tick that does not express the Osps as immunoreactive major outer surface proteins (8) . The level of expression of OspA in this California clone (DN 127 cl 9-2) varies with passage in vitro (21) . The DN 127 clone produces a 25-kDa protein that appears to be localized to the outer surface of the spirochete. Similar proteins with molecular masses in the range of 20 to 25 kDa have been identified in strains from Europe and North America and are referred to collectively as pC or OspC (1, 17, 32) .
We have analyzed B. burgdorferi clones in order to discern differences in Osp patterns and delineate molecular mechanisms of Osp variation. B. burgdorferi clones were derived from uncloned L pacificus spirochete isolate CA-11-90 (Sacramento County, Calif.) essentially as previously described (22, 26) . This isolate does not appear to be infectious in the white-footed mouse, Peromyscus leucopus (31a (Fig. 1) . Furthermore, the 24-kDa protein appeared to decrease in expression with extended passage of the clone. Several other minor differences in protein profile between the low-and high-passage clones were seen, but these have not been investigated.
To determine whether the lack of Osp synthesis was due to an alteration of the osp operon, CA-11 2A low-passage genomic DNA was examined by polymerase chain reaction (PCR) and Southern blot analysis with two oligonucleotide primers (ospl and osp2) that flank the osp coding region (Fig.  2) . The ospl primer corresponds to nucleotides 1 to 20, and the osp2 primer corresponds to nucleotides 1896 to 1915 of the previously published sequence (7) (ospl, 5'-AAGCTT AATFAGAACCAAAC-3'; osp2, 5'-CTICCTACACTAGC TGATGC-3') ( Fig. 2A ). With these two primers, a 2-kb PCR product was amplified (Fig. 2B ). This fragment was the same size as that produced from B31 genomic DNA, indicating that the CA-11 2A osp genes had not undergone a detectable deletion.
Southern blot analysis was performed as previously described (30) . Blots were probed with the ospl-osp2 PCR fragment, which had been labeled with [a-32P] (Fig. 3) . RNA from CA-11 2A is intact, as shown by the detection, on a duplicate blot, of an mRNA transcript from a chromosomal locus which has been developed for PCR-based identification of B. burgdorferi (28, 29) . Northern blot analysis of the higher-passage clone, which expresses the Osps in abundance, revealed a 2-kb transcript (data not shown). Therefore, the deficiency in Osp expression appears to be at the level of osp transcription or mRNA stability. To see whether the osp operon from low-passage CA-11 2A spirochetes is capable of being expressed, we cloned the gene in Escherichia coli. Genomic DNA, isolated from the CA-11 2A clone as previously described (30) , was amplified by PCR (94°C for 1 min, 50°C for 0.5 min, and 70°C for 2 min; 15 cycles) with the ospl and osp2 primers. The PCR product was purified by filtration (Ultrafree-MC 30,000 NMWL filter unit; Millipore), and blunt ends were produced with T4 DNA polymerase (GIBCO BRL, Gaithersburg, Md.) prior to ligation into SmaI-digested pUC19. The ligation product was used to transform E. coli DH5ao cells, which were grown in Luria broth medium with ampicillin (100 ,ug/ml) prior to lysis for plasmid or protein analysis (24) . Clones were screened for osp sequence by colony hybridization and for plasmid size by agarose gel electrophoresis of colony lysates (24) . Lysates from nine randomly chosen positive clones, examined on polyacrylamide gels and stained with Coomassie blue, contained major proteins identical in size to B31 OspA and OspB (data not shown). Two of the nine clones were randomly chosen and examined by Western blot (immunoblot) analysis (10) . By using monoclonal antibodies to OspA (H5332 [6] ) and OspB (H4610, which also recognizes OspB degradation products [27] ), lysates from these two clones produced OspA and OspB (Fig. 4) . Therefore, the osp genes from CA-11 2A appear to be intact and can be expressed.
The putative osp operon promoter was sequenced from one of the CA-11 2A E. coli clones by the dideoxy chain termination technique (31) Autoradiograms of a Northern blot probed with either a full-length osp probe or a probe to a chromosomal locus (29 These results indicate that B. burgdorferi can use a mechanism for altering the composition of its outer membrane that has not been previously described. Mechanisms for Osp variation have been suggested by previous studies of B. burgdorfen isolates. Several clones with different OspB phenotypes were derived from the human isolate HB19 (9) . Southern and Northern blot analyses of a clone that did not express OspB revealed no major DNA rearrangements and no defect in transcription of the osp gene. An 18.5-kDa protein in the lysate of this clone was recognized by a monoclonal antibody to OspB, suggesting that unusual processing of this protein or proteolysis of the 34-kDa protein may have occurred. 2) were electrophoresed on a 12.5% acrylamide gel, along with E. coli DI{5a transformed with pUC19 (lanes 3). Proteins were transferred to nitrocellulose membranes and probed with monoclonal antibodies to either OspA (H5332) or OspB (H4610).
Others have found that sequence heterogeneity within the osp operon can lead to variations in synthesis of the Osps.
The European strain G02 does not produce an OspB, apparently because of a stop codon only 8 amino acids past a potential OspB start codon (12) . Similarly, a point mutation in ospB from the North American strain Sh.2.82 encodes a new stop codon, leading to a shortened ospB gene product (27) . Additionally, some clones of Sh.2.82 and the European strain G2 contain deleted osp loci which produce chimeric OspA/B proteins (27) . On the basis of sequence analysis of the chimeric genes, it appears that the new osp locus can be formed by homologous recombination. These mechanisms of Osp variation do not appear to be used in the CA-11 2A clone, since the osp genes and Osp proteins in all of the E. coli clones examined are the expected sizes for North American B. burgdorfen isolates.
The absence of detectable osp mRNA seems to be the basis for the deficiency in OspA and OspB synthesis. The lack of osp mRNA may be due to inhibition of transcription of the osp gene or to instability of the osp transcript. It is not yet known how or whether osp transcription is regulated in B. burgdorferi. In our recombinant E. coli clones, Osps are apparently produced constitutively and in abundance, indicating that a positive activator may not be necessary for transcription. Since the osp promoter sequences in CA-11 2A and B31 are identical (from nucleotides 1 to 240 [7] ), it does not appear that a cis element is involved in the difference in transcription between the two, although a sequence outside the putative promoter region of the osp operon could be involved. Another possibility is that the low-passage CA-11 2A clone synthesizes a repressor protein that inhibits transcription of the osp operon.
With extended passage of the spirochete, the Osps are synthesized in the CA-11 2A clone. This phenotypic instability with in vitro passage was observed previously in the DN 127 cl 9-2 clone derived from an I. pacificus isolate (21) . DN 127 cl 9-2 exhibits an altered pattern of OspA synthesis, with an increase after 8 to 27 passages in BSK II followed by a decrease in expression after 45 passages. The change in Osp phenotype in CA-11 2A occurs within 16 passages and is still apparent after 40 passages.
On the basis of analysis with polyclonal antisera, the 24-kDa protein that is synthesized in CA-11 2A is the OspC protein found in some B. burgdorferi isolates, including DN 127 cl 9-2 (25a). In the California clone DN 127 cl 9-2, OspC is an abundant 25-kDa protein that has been localized to the outer surface by immune electron microscopy, immunofluorescent-antibody tests, and protease sensitivity assays (21) . While synthesis of OspC in DN 127 cl 9-2 does not appear to vary with passage, synthesis of OspC in CA-11 2A and other California tick isolates does vary with in vitro cultivation (21) . In CA-11 2A, OspC synthesis is inversely correlated with synthesis of OspA and OspB, suggesting that regulation of these proteins may be linked in this clone.
Alterations in Osp expression in B. burgdorferi may have profound effects on the interactions of the spirochete with its mammalian and arthropod hosts. While the functions of the Osps are not known, their position on the outer surface of the spirochete makes them important to study, especially with regard to changes that may aid the spirochete in evasion of the mammalian immune system. Changes in the components of the spirochetal outer membrane may also be relevant to the infectivity or pathogenicity of the bacteria (16) . Furthermore, the successful development of vaccines containing the OspA and OspB proteins (13, 15) 
